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ABSTRACT
NANO-STRUCTURED PLATFORMS AS A SPECTROSCOPIC TOOL
by
Ruiqiong Li

Nano-structured platforms have been studied for the purpose of enhancing weak
fluorescence signals. Each platform was constructed as a thin oxide layer on top of a
metal (aluminum). The oxide was perforated with hexagonal array of nano-holes. The
pitch of the array was much smaller than the optical wavelengths used. Surface charge
waves (Surface Plasmons) could be excited when the platform was oriented at specific
direction with respect to the incident optical beam. At this point one can demonstrate that
fluorescence signals could be amplified. Since the oxide (alumina) is bio-compatible, one
can envision using such platforms in the study of bio-species with fluorescencing biomarkers. Moreover, when imbedding dye chromophores in the structure's nano-pores,
one can show that such construction exhibits threshold and gain for the related
fluorescence signals.
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CHAPTER 1
INTRODUCTION

1.1 Background

Anodized aluminum oxide (AAO) (Figure 1.1) has attracted much interest during past
few decades for its highly ordered hexagonal structure of nano-holes. Taking advantage
of the high extinction ratio of the holes, AAO substrates were typically used as templates
for the fabrication of quasi one-dimensional structures for electronic, optoelectronic and
micromechanical devices [1-3]. Recently, we have reported on novel spectroscopic
applications with AAO substrates: these were used as platforms which enhance weak
Raman [4, 5] or, fluorescence signals [6]. Such platforms could be of particular
importance for detecting biological species such as DNA, and for signal enhancement of
fluorescence based biochip.
Surface plasmons (SP) are near field phenomena: surface charge waves are
confined to an interface between metal and dielectric. Periodic structures are often
utilized to couple light to these surface waves. In these structures, the lattice constants are
typically one-half of either the exciting or the excited (scattered) optical wavelength [7].
Metallic colloids and metal corrugations have been used to enhance Raman and
fluorescence signal, as well. Their disadvantage though is that a likely local stress,
induced by the 'nano-size structures may distort the Raman spectra of molecules under
test [8, 9]. This is particularly true for soft biospecies, such as, DNA and to a larger
extend for protein biomarkers, which are even more fragile. On the other hand,
aluminum/aluminum oxide surfaces exhibit advantages over corrugated surfaces. Under
ambient conditions the aluminum surface is rapidly oxidized forming nanoscale-thin but
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durable aluminum oxide film. This oxide surface is biocompatible [10] and is suitable for
stabilizing lipid bilayers with minimal perturbations [11-13]. In addition, aluminum
surface could be anodized to produce macroscopically homogeneous and hexagonally
packed nanopores with diameter tunable within the ca. 4 - 200 nm range [14-16]. The
length of the pores could also be varied from ca. 0.5 to more than 100 In this thesis,
we demonstrate the utility of nano-structured aluminum/aluminum oxide platform for
biosensing by fluorescence spectroscopes.
Detection and fingerprinting of a wide range of analytes from volatile chemicals
to bio-molecules such as, DNA, proteins, and their complexes is a long sought goal.
Therefore, improvements in the experimental methods for detecting binding interactions
between biological macromolecules, which are under conditions that closely mimic
cellular environment, are driven by such needs in many fields. These include fundamental
biophysical and biomedical studies and practical applications in drug discovery and
biosensing. One versatile approach for studying such highly specific binding events is
based on immobilizing biological macromolecules on a surface, exposing the
functionalized surface to potential ligands, and detecting ligand binding through either
specific labeling or by one of the available label-free methods. The most widespread
label-free detection systems found on the market are based on surface-plasmon resonance
(SPR) [17]. Biochemical interactions at the sensor surface are monitored by observing the
changes in resonant behavior of guided waves at a thin metal/dielectric interface. As
explained before, surface plasmon resonance is a charge-density oscillation that may exist
at such interface. The charge density wave, associated with an electromagnetic wave
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reaches its maxima at the interface and decay evanescently into both media. Therefore,

Figure 1.1 (a) Artistic view of AAO and (b) SEM picture of its realization.

(c)
Figure 1.2 Most widely used configurations of SPR sensors: (a) prism couplerbased SPR system; (b) grating coupler-based SPR system; and (c)
optical waveguide-based SPR system.
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Figure 1.2 depicts three kinds of the most used SPR sensor configurations. In the
prism coupler-based SPR system, a light ray is totally reflected at the interface between a
prism coupler and a thin metal layer and excites a surface plasmon wave (SPW) at the
outer boundary of the metal by evanescently tunneling through the thin metal layer. For
SPR sensors using grating couplers, a metal-dielectric interface is periodically patterned:
the incident optical wave is diffracted, forming a series of beams directed away from the
surface at a variety of angles. The component of momentum of these diffracted beams
along the interface differs from that of the incident wave by multiples of the grating wave
vectors. In optical waveguide SPR system, a light wave is guided by the waveguide and,
entering the region with a thin metal overlayer; it evanescently penetrates through the
metal layer. If the SPW and the guided mode are phase-matched, the light wave excites
an SPW at the outer interface of the metal.
While the SPR method is widely applied for biosensing, there is still a need for
further development in several directions such as; (1) improvement of detection limits
and (2) development of advanced recognition methods. Typically, these directions are
pursued separately. For example, improvements of detection sensitivity could be
achieved through further optimization of SPR optical instruments and the development of
efficient referencing concepts and sophisticated data processing methods [17]. Other
researchers have focused on exploring SPR phenomena in nanostructures that deviate
significantly from traditionally employed surfaces [18-22]. For example, a quasi threedimensional structure in the sub-micron scale has been proposed for imaging and
monitoring of label-free binding events [23]. In separate efforts researchers have focused
on developing recognition elements and matrices that will be suitable for immobilizing
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biological macromolecules in functional conformations that ensure analyte binding. A
wide range of nanocoatings including planar monolayers and three-dimensional
hydrogels that could be applied for metal surfaces of SPR sensors as well as other
substrates have been explored [24, 25]. For example, electrostatic immobilization of
DNA on a surface positively charged poly-L-lysine layers has been proven to be useful
[24].

1.2 Objectives and Outline
As mentioned before, AAO films are composed of highly ordered hexagonal structure of
nano-holes. Such periodic structure may be utilized to couple light into propagating
surface waves. Under certain conditions, such waves may be utilized to enhance the
Raman and fluorescence signals of molecules. The overall objective of this thesis is to
develop a biosensing platform for detecting binding events of protein to cell membrane.
As a first step we investigate the effect of incident polarization and sample orientation on
the fluorescence signals of several test molecules.
The thesis is outlined as follows. Chapter 2 reviews the theoretic background of
SPW in patterned substrates. Chapter 3 describes the experimental procedure adopted in
this thesis and the characterization method used to analyze the structures: these include
scanning electron microscopy (SEM), atomic force microscopy (AFM) and fluorescence
spectroscopy. In Chapter 4, the fluorescence of protein, which is bound to nanoporeconfined lipid bilayer, is examined under various rotation conditions. The effect of
linearly polarized incident beams on the fluorescence of dye imbedded AAO was
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examined as well. Chapter 5 discusses the gain and linewidth narrowing in AAO bound
plasmonic waveguides. The thesis concludes with a summary in Chapter 6.

CHAPTER 2
THEORETICAL BACKGROUND

This Chapter starts with a brief overview of the basic theory and principles of
electromagnetism that are applied in this project. An overview of Maxwell's equations as
applied to linear, isotropic and nonmagnetic media and the principal boundary conditions
of the field components is given. The wave equation for solving longitudinally invariant
waveguides is derived from Maxwell's equations and its solution is discussed, as well in
Section 2.1. Surface plasmon subwavelength optics is discussed in Section 2.2. A brief
description of photonic crystals is provided in Section 2.3. Further theoretic
considerations as pertinent to this work will be presented in Section 2.4.

2.1 Electromagnetic Theory
Optical fields are fully described by Maxwell's equations. In a source of free media
Maxwell's equations are as following [26]:

The vector quantities are the electric field vector E (V/m), the magnetic induction vector
B (T), the electric displacement vector D (C/m² ) and the magnetic field vector H (A/m).

Eqs. (2.1) and (2.2) are vector equations that relate time and space derivatives of the field
8

9

quantities and Eqs. (2.3) and (2.4) are scalar equations that give information about the
outflow of the electric and magnetic field.
In linear and isotropic media D and B are defined as

with

= CoE r

and pi =

r•

The quantities e and define the electromagnetic properties of the medium and
are the dielectric constant and magnetic permeability of the medium, respectively.
Meanwhile, Co is the dielectric constant of vacuum (8.854x10 -1² F/m ² ), 8, is the relative
dielectric constant of material; )1 0 is the magnetic permeability of vacuum (4πx10 -7 H/m² )
and IA, is the magnetic permeability of the material. In the present work, only nonmagnetic materials are considered, such that II, =1 throughout. When analyzing the
optical properties of a material it is convenient to work with its refractive index, n, which
is defined as n = µrεr .
Maxwell's equations of the form (2.1-2.4) are valid for regions of continuous
physical properties. In the case where the properties of the material changes abruptly,
quantities such as E ,

and D have to satisfy certain boundary conditions. A typical

situation is shown in Figure2.1. E l and

are the electric and magnetic field in the

medium 1 characterized by c1, Ill . E2 and I:12 are the corresponding fields in the medium
1 to the medium 2. In the case when surface charges and surface currents are absent, the
boundary conditions are reduced to:
a) Tangential components of electric field are continuous,
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(2.7)
b) Tangential components of magnetic field are continuous,
(2.8)
c) Normal components of electric flux are continuous,
(2.9)
d) Normal components of magnetic flux are continuous,
(2.10)
In non-magnetic media Oil = = p. 0 ) Eq. (2.10) is reduced to

(2.11)

Figure 2.1 Discontinuity in material properties
The total electromagnetic field that is supported by the waveguide can be
expressed in terms of only electric or magnetic field components to produce wave
equations. The wave equations arc derived starting from Maxwell's equations, assuming
that the fields vary with time as e' °". Taking the curl of Eq. (2.1) and replacing time
derivatives with jw gives,
(2.12)
where k² = ω²εµ is the wave number.
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Using the identities
(2.13)
the wave equation for the electric field is obtained in the form
(2.14)
Similarly, the wave equation expressed in terms of the magnetic field is
(2.15)
Eqs. (2.14) and (2.15) are vector wave equations in which the dielectric constant
is assumed to be a function of all three coordinates, i.e., ε=ε(x, y, z) . The vector wave
equations are solved subject to the requirements that fields decay away from the guiding
region and satisfy appropriate boundary conditions at any discontinuity interface. This
leads to an eigenvalue equation which is solved for the propagation constant

I.

Further simplification can be introduced by assuming that waveguides are
longitudinally invariant i.e.,

az

= 0, which is the case in most practical structures. One

typical waveguide structure is shown in Figure 2.2 where n1 is the refractive index of the
core and n ² the refractive index of the cladding which is assumed unbounded. In this case
the total field can be expressed in terms of transverse components of electric (Ex and Er),
or magnetic field (Hx and Hy). The rest of the field components can be derived from
Maxwell's equations (2,1)-(2.4). For example, if the E-field formulation is used the E z
component is found from Eq. (2.3) and magnetic field components from Eq. (2.1). If
using the H-field formulation Eqs. (2.4) and (2.2) will provide the rest of the field
components.
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n2
Figure 2.2 Cross section of a waveguide
Hence, from Eq. (2.14), the transverse electric field components satisfy
(2.16)

(2.17)
From Eq. (2.15) the transverse magnetic field components satisfy
(2.18)

(2.19)
The vector field equations give an accurate representation of the propagating field
but in many practical cases they can be simplified by assuming certain approximations to
the propagating field. Depending on the level of approximation two different types of
field can be distinguished: the semi-vectorial and the scalar fields.
The semi-vectorial field is a five component field solution in which one transverse
electric or transverse magnetic field component is assumed to be zero. Two different
polarizations can be distinguished: the TE-polarization (s-polarization) and the TM-
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polarization (p-polarization) (Figure 2.3). Thus, in the case of semi-vectorial fields the
right hand side of Eqs. (2.16)-(2.19) becomes zero, i.e. polarization coupling vanishes.
For each polarization, the semi-vectorial wave equations can be cast in either E-field or
H-field forms. In the TE case, the E y or Hx terms are assumed zero, and the resultant
wave equations are:
(2.20)

(2.21)
In the TM case, the Ex or Hy terms are zero and the wave equations are:
(2.22)

(2.23)

(a)

(b)

Figure 2.3 (a) TE polarization (s-polarization): E-field is perpendicular to the
plane of incidence. (b) TM polarization (p-polarization): E-field is
parallel to the plane of incidence.
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In regions of piecewise constant refractive index, the full vector equations (2.14)
and (2.15), along with the ensuing semivectorial equations (2.20)-(2.23), become simple
Helmholtz equations with the appropriate boundary conditions enforced at the dielectric
interfaces:
(2.24)
(2.25)
The interface conditions depend upon the polarizations of the fields and whether
the E- or H-field solutions are sought. The very simplest such formulation is the scalar
case. This ignores the vector nature of the field and characterizes it in terms of the Ez or
Hz components which are tangential to all interfaces. The interface conditions are then
simply continuity of the field and its derivative, but the scalar approximation is only valid
for small refractive index steps.

2.2 Surface Plasmon
Though dated back to the beginning of the twentieth century, the subject of surface
plasmons [27, 28] has regained interest because of technological advancement in
lithography and the ability to manipulate structures at the nanoscale [29]. Surface
plasmons are near-field phenomena. These electromagnetic waves and surface charges
are confined to a surface between a metal and a dielectric as shown in Figure 2.4 (a). The
interaction between the surface charges and the electromagnetic field attributes to the SP
in two aspects: (1) the interaction between the surface charge density and the
electromagnetic fields results in the momentum of the SP mode, ħkSP, being greater than
that of a free-space photon of the same frequency, ħko. Applying Maxwell's equations
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(2.1)-(2.4) under the appropriate boundary conditions yields the SP dispersion relation
[30]:

where ε n, and εd are permittivity of the metal and the dielectric material, respectively. (2)
In contrast to the propagating nature of SP along the surface, the field perpendicular to
the surface decays exponentially with distance from the surface (Figure 2.4(b)). The
dispersion relation for surface plasmons relative to a light line is depicted in Figure 2.4
(c). It is necessary for lεml > εd and ε m <0 for surface plasmons to be created.

Figure 2.4 (a) SPs are transverse magnetic in character (H is in the y direction);
the generation of surface charge requires an electric field normal to the
surface. This combined character also leads to the field component
perpendicular to the surface being concentrated near the surface and
decaying exponentially with distance away from it
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Figure 2.4 (b) The field in this perpendicular direction is said to be evanescent,
reflecting the bound, non-radiative nature of SPs, and prevents power
from propagating away from the surface. In the dielectric medium
above the metal, typically air or glass, the decay length of the field, 5d, is
of the order of half the wavelength of light involved, whereas the decay
length into the metal, 8,„, is determined by the skin depth.

Figure 2.4 (c) The dispersion curve for a SP mode shows the momentum
mismatch problem that must be overcome in order to couple light and
SP modes together, with the SP mode always lying beyond the light line,
that is, it has greater momentum (ħksp) than a free space photon (ħko )
of the same frequency co.
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Periodic arrays of subwavelength holes are often used to couple the incident light
to surface plasmons. For such hole arrays, incident light is scattered by the array,
producing evanescent waves that tunnel through the holes, resulting in a small but finite
amplitude on the far side of the array (the metal). The evanescent waves are reflected and
the interference of the resulting waves produces a wave that is partially propagating away
from the structure and partially propagating along the surface (hence the SP waves). The
electric field intensity is concentrated in the holes at the oxide/air interface, away from
the metal.

2.3 Photonic Crystals

Photonic crystals were recently proposed as a method to control light propagation [31].
These 'crystals' are regular, repeating arrays of contrasting dielectric materials. Figure
2.5 shows schematic views of a variety of photonic crystals with dimensions ranging
from 1 to 3. The one-dimensional crystal must have radiation propagating through it in a
direction normal to the contrasting dielectric planes for any of the photonic crystal effects
to appear. Thus transverse Bragg waveguides do not fall within the definition of a
photonic crystal device, at least not for impinging plane waves. On the other hand,
devices utilizing multilayered dielectric films are familiar, such as the quarter-wave stack
(Bragg reflector) commonly utilized for frequency-selective, high-quality reflection.
Once the transition is made from transverse one-dimensional crystal architecture to a
two-dimensional architecture, the photonic crystal effect becomes the major contributor
to the propagation qualities of the crystal. The exact nature of these qualities is not fully
known. Several properties have been predicted or identified by researchers: these include
the existence of a photonic bandgap, photon localization and superprism or ultrarefractive
effects.

1D

2D

3D

Figure 2.5 Schematic illustration of one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) photonic crystal. a is the lattice
constant.

Figure 2.6 Schematic representation of a photonic band gap (PBG) and of
related photonic band edge (PBE) in the dispersion characteristics of a
photonic crystal.
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In the photonic band gap (PBG) scheme (Figure 2.6), the propagation of photons
is forbidden for certain frequency range. Moreover, if a disorder is introduced into the
regular dielectric structure of the photonic crystal, midgap modes whose eigenfunctions
are strongly localized around the disorder may be obtained. These modes are called
localized defect modes.
In the photonic band edge (PBE) scheme, the photonic crystal operates around an
extreme of the dispersion characteristics where the group velocity of photons vanishes. It
should be noted that such dispersion characteristics apply strictly for infinite periodic
structure and time. The real world is actually finite and transitory. It is therefore more
appropriate to speak in terms of slowing down of optical modes, which remain
delocalized.

2.4 Further Theoretic Considerations
The AAO slab may be viewed as a particular case of 2D photonic crystal surface
waveguide with hexagonal array of air-rods [32]. There are several limitations to this
analogy. (1) The pore packing in AAO is not ideal, especially for commercial AAO,
whose pore diameter largely varies; (2) the array pitch is much smaller than the
propagating wavelength; and (3) the AAO/Aluminum substrates may be very thick (on
the order of 60 1.1m) with respect to the propagating wavelength (which is true for most
commercial AAO substrates). Nevertheless, one could gain some insight by examining an
ideal 2D array of holes.
Let us consider an ideal 2D hexagonal case (Figure 2.7) and start by identifying
two lattice vectors, a, =1a. and a 2. = za / 2 + y/3 / 2 , where a is the distance between the
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nearest neighbor holes. The reciprocal lattice vectors are: G, = x2π / a— y2π / a/3
and G2 = '47r / a/3. Light is coupled to the periodic array of holes by momentum
conservation. For example, if the wave has a propagation component along the ydirection, then:
(2.36)
where, ky=kosin(θ)cos(Ф) to account for the tilt B and the azimuthal

q angles; q2 is an

integer (both negative and positive numbers are allowed). Thus, in principle, light may be
coupled to surface plasmons in the surface waveguide at a proper tilt angle B. The
coupling efficiency also depends on the in-plane orientation of the hole array with respect
to the polarization state of the incident beam.

unit vectors
Figure 2.7 Unit vectors and ideal arrangement of holes.
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Suppose that the surface component of the wave inside the AAO sample ß=ß(x,y)
(bold letters are used for vector notations) is scattered from the same periodic structure.
This may happen because the AAO is made of densely packed holes with inter holespacing which is much smaller than the propagating wavelength. This is also happening
because of the abrupt nature of the hole in the AAO slab, invoking higher-orders and suborders of diffraction. Some directions within the crystal of holes will strongly diffract the
beam when the following phase match condition is fulfilled:
(2.37)
Again, q is an integer. One can envision that such Bragg diffraction creates a
standing wave within the hole-array. These considerations are true for the pump as well
as, for the fluorescing wavelengths.
Optimal fluorescence conditions occur when the mode propagating in the AAO is
a surface mode. We note that in general the oxide layer is very thin on top of the
aluminum. Therefore, from Eq. (2.35), the surface mode propagates at
ß=k0[εmεd/(εm+εd)] 112

with Em the dielectric constant of metal and Ed the dielectric constant

of air. When considering aluminum, the real part of the permittivity has a large negative
value, thus, Em <<0 and therefore, ko . We also note that the fill factor for the holes is
small, approximately 6% and does not affect the propagation constant much. It is obvious
that when 041 (normal incidence), the propagation constant for a specific wavelength
inside the AAO layer has a degeneracy of two counter propagating beams, each fulfilling
the condition, ß=qG. This is true for our 2D hexagonal hole-array, with q i Gi and q i
integer (with both negative and positive values. Therefore, if light is coupled with q=1
mode, it may be confined with q=2 mode. The idea may be extended to sub-harmonics,
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such that, q,=±1/2, ±1/3....as well [32]), the optimized wavelength, which fulfills this
requirement, may be approximated at normal incidence as,
(2.38)

All together, at normal incidence there would be two-fold degeneracy: two beams
oscillating in-parallel to the AAO surface. Since we are dealing with sub-harmonics, Eq.
(2.38) predicts transverse resonance effect at 2,-558 nm for a-90 nm, q1=1/7, q2=0. This
is very close to the fluorescence peak of fluorescein dye imbedded at the structure pores
at k-560 nm. We note that there are several resonances for this wavelength owing to the
close pack symmetry of the hole-array. Eq. (2.38) may be extended for oblique incidence
as well:
(2.39)
Here, neff = ε1ε2

I (ε1 + 6) ,

the effective index of refraction for the surface plasmon

wave. Eq. (2.39) implies that upon a proper tilt, enhancement of the fluorescence may be
achieved. In particular, the 2-560 nm line is at resonance with q1=1/6, q2=0 planes when
the sample is tilted by 0-10 ° . Moreover, the 514.5 nm line may be effectively coupled to
surface plasmons at 0-8 ° . This raises the possibility that the both of the pump and the
fluorescence wavelengths be launched and detected simultaneously.
Let us consider a surface mode, which propagates parallel to the slab surface. If
the photonic crystal is made perfect, then, there exists a bandgap for some frequencies.
Namely, the propagation of these frequencies would be frustrated for all crystallographic
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directions (or, throughout the Brillouin zone and its sub-harmonics). If the arrangement
of holes is far from ideal and we operate at frequencies outside the bandgap, the
reflections from the hole-array in some directions within the x-y plane will be stronger
than the others and will depend on the crystallographic symmetry of the holes. Thus, for
normally incident beam, fluorescing signals which are generated by molecules imbedded
in the structure will depend on the in-plane rotation angle with respect to the linearly
polarized incident wave [33]. The symmetry of the hole-array will dictate the number of
cycles upon full azimuthally sample rotations. For hexagonal array of holes there would
be symmetry of 60 ° or its multiple. On the other hand, at transverse resonance conditions,
there ought to be period doubling [33] which is the result of multiple reflection by the
transverse resonating effect.
To summarize, the efficiency of the coupling between the hole array and the
polarization state of the incident pump beam depends on the coherence of the scattering
process. A proper tilt angle ensures coupling to a surface mode and in-plane rotations
provide for the proper phase match conditions.

CHAPTER 3
EXPERIMENT AND METHODS

In this chapter, the experimental procedure for AAO film fabrication is described in
Section 3.1. The properties of commercial AAO are examined in Section 3.2. The
preparation of protein bound to lipid bilayers, which are incorporated within nano-holes
is presented in Section 3.3. In addition, the characterization methods with respect to the
optical and structural properties of AAO are presented. The characterization techniques
include scanning electron microscopy (SEM), atomic force microscopy (AFM) and
surface enhanced fluorescence (SEF). They are briefly discussed in Section 3.4.

3.1 Fabrication of AAO Film

In this work, ordered nano-holes anodic oxide films on aluminum were fabricated
according to a well-established recipe [34, 35]. The formation mechanism of AAO, the
factors for AAO formation and the process of AAO fabrication are briefly discussed in
the following three subsections.

3.1.1 Formation Mechanism of AAO

Since the first observation of the porous nature of alumina films produced in certain
electrolytes, several theories have been proposed to account for the pore formation. After
30 years investigation, the evidence that the electrolyte plays an important part in the
formation of porous films has established by Sullivan et al [36]. As illustrated in Figure
3.1, during steady state conditions, pores grow perpendicular to the surface with
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equilibrium of field-enhanced oxide dissolution at oxide/electrolyte interface and oxide
growth at the metal/oxide interface. While the latter is due to the migration of oxygen
containing ions (0 2 70H - ) from the electrolyte through the oxide layer at the bottom, Al ³+
ions, which simultaneously drift through the oxide layer, are ejected into the solution at
oxide/electrolyte interface [37]. The fact that Al ³+ ions are lost to the electrolyte has been
shown to be a prerequisite for porous oxide growth, whereas Al ³+ ions, which reach the
oxide/electrolyte interface, contribute to oxide formation in the case of barrier oxide
growth [38, 39].

Figure 3.1 Illustration of the formation mechanism of AAO.
The overall reaction that takes place during anodization is:

The reactions at the anode occur at the metal/oxide and oxide electrolyte
interfaces. At the metal/oxide interface the inward moving oxygen anions react with
metal:
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At the oxide/electrolyte interface outward moving aluminum cations react with
water:

The reaction at the cathode is hydrogen gas generation:

The atomic density of aluminum in alumina is lower by a factor of two than in
metallic aluminum. A possible origin of forces between neighboring pores is therefore
mechanical stress associated with the expansion during oxide formation at metal/oxide
interface. Since the oxidation takes place at the entire pore bottom simultaneously, the
material can only expand the vertical direction, so that the existing pore walls are pushed
upwards [38, 39].

3.1.2 Facts for AAO Formation

Barrier layer
Figure 3.2 Idealized structure of AAO
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An idealized sketch of the AAO film structure is shown in Figure 3.2. The oxide has a
cellular structure with a central pore in each cell. The sketch shows uniform hexagonal
cells, but most anodization conditions produce films with disordered structures, which
have a broad distribution of cell size and pore diameter. Anodization under appropriate
conditions can produce AAO with a highly ordered cell configuration. This process is
characterized by proper concentration of the electrolytes and anodizing voltage, longer
anodization period, a smooth surface of Al, and low anodization temperature.
Electrolytes and Anodization Voltage
Of all the fabrication parameters, electrolyte types and concentration, as well as
anodization voltage have the strongest impact on the AAO structure. Self-organization
has been found in three types aqueous electrolytes: sulfuric, phosphoric and oxalic acids.
There is certain optimum anodization voltage and solution concentration for each type of
electrolyte. For example, the most appropriate anodization condition for oxalic acid
,

solution is in a concentration of 0.3 M with a constant voltage of 40 V [35].
In this thesis, oxalic acids have been chosen as electrolytes for AAO fabrication.
The selection of the applied voltage is based on fact that the AAO cell size has a good
linear relationship with the applied voltage, where the proportionality constant of the
inter-pore distances per applied voltage is approximately 2.5 nm/V [40, 41]. The
empirical formula is written as following:
Dint=2.5V a

(2.1)

where Dint is the inter-pore distance (cell size) in nm, and V, is the anodization voltage in
V. The packing density of the pores can be derived from the inter-pore distance as
following:
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(2.2)

where D p is the packing density.
Anodization Time
It was found that a long period of anodization time can improve the regularity of the cell
arrangement. Defect-free regions appear in large domains, whereas defects are found at
the boundaries of these domains. That is, the size of the defect-free region increases with
the anodization time. Even at the deficiency site of the concave, pores can be
compensated automatically and almost perfect arrangement of the pore configuration can
be recovered after a long anodization period. This is because the pores at deficient sites
tend to develop and recover the closest packing arrangement of the cylindrical cells,
which is the most probable arrangement in the cell configuration of the AAO.
Surface Roughness

(A)

(B)

(C)

Figure 3.3 Schematic diagrams for two-step fabrication of AAO membrane. (A)
AAO after first anodization. (B) Removal of AAO layer. (C) Initiation
of hole formation in second anodization.

Surface roughness of the initial Al had not been considered important. As demonstrated
previously, even with a rough initial surface, almost ideally arranged hexagonal structure
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can be obtained after long anodization time. However, in order to get perfect AAO pore
arrangement, two-step anodizing fabrication was proposed to improve the surface
roughness [35]. Schematic diagrams for such processes are shown in Figure 3.3. For the
first step, the samples are anodized for a long time to obtain a perfect ordered structure at
the bottom. Then, the oxide layer is removed by a mixture of phosphoric acid and
chromic acid. After removal of the anodic oxide layer, a textured pattern of concaves is
obtained on the surface of the Al substrate. This textured Al sample is anodized again at
the same cell potential as used during the first anodizing step. Each concave of the
surface results in ordered formation of the nano-holes. Though the details of such
mechanism is not clear at present, it is generally believed that each convex can induce the
independent formation of a hole due to its geometrical effect.
Anodization Temperature

Apart from the electrolytes, anodization voltage, anodization time and surface roughness,
the anodization temperature is also an influential factor. Due to the fact that heat
generation during anodization process will disturb the stable oxide growth and destroy
the formed oxide film, it is very crucial to maintain the anodization process at low
temperature.

3.1.3 Process of AAO Fabrication

Figure 3.4 illustrated the setup of AAO fabrication. High purity Aluminum (99.999+%,
0.25 mm thickness) from Sigma-Aldrich was ultrasonically cleaned in de-ionized (DI)
water for 30 minutes, and then it was degreased in acetone for more than 24 hours. After
a rinse in ethanol, the samples were electropolished in a mixture of ethanol, HC1O4 and
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DI water at 5 °C and 50 V to decrease surface roughness. Anodization was carried out at
35 V and 5 °C in a 0.3 M oxalic acid for 6-8 hours. Aluminum and Pt were serving as
anode and cathode separately. Then, the anodic oxide layer was removed in a mixture of
phosphoric acid (6 wt %) and chromic acid (1.8 wt %) at 65 °C for 3 hours. The Al
specimen was later anodized again for 5 min under the same conditions as before.

Figure 3. 4 Illustration of AAO fabrication setup.

3.2 Commercial AAO
Some of the experiments were conducted with commercial "0.02 um" Anodisc 13
membranes (Whatman International, Maidstone, UK) that are shaped as disks of 13 mm
in diameter and are about 60 um thick. Examination of these substrates with SEM (Figure
3.5) yielded an average pore diameter of 177±20 nm on one side, whereas the average
diameter for the filtration side was 29±7 nm. Each Anodise substrate was cut into two
halves, one half was flipped, and then the two halves were subjected to the same Au
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sputter coating from just the exposed side. The coating was sufficiently thin and did not
block the pores. The other side of each half remained uncoated. Such a procedure yielded
two types of AAO substrates containing a thin Au layer at either large pore or small pore
(filtration) side. Hence, altogether four different nanoporous substrate samples were
prepared for depositing lipid bilayers and further analysis. These less ordered AAO
substrates were compared to in-house AAO platform (50 nm thick alumina on an
aluminum film), which was described in previous subsection. The latter exhibited
remarkably periodic array of nanowells [5].

Figure 3.5 SEM image of commercial AAO after depositing streptavidin bound
to biotinilated lipid bilayers. The pores are extending throughout the
sample (approximately 60 gm thick)
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3.3 Lipid Bilayer within AAO

In this work, biotin, bond with streptavidin on lipid bilayers was deposited on AAO (as a
platform) and the fluorescence signals from these marked, bio-materials were
investigated.
Synthetic zwitterionic phospholipid 1,2-dimyristoylsn-glycero-3-phosphocholine
(DMPC) and biotinylated 16:0 Biotinyl Cap PE (1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-(cap biotinyl), sodium salt) were purchased from Avanti Polar
Lipids (Alabaster, Alabama) in chloroform solutions and were stored in a freezer at —80
°C prior to use. Multilamellar vesicles were prepared by mixing chloroform solutions of
DMPC and Biotinyl Cap PE in 20:1 or in 200:1 molar ratio. Consequently, chloroform
was removed by a rotary evaporator yielding a thin lipid film on the surface of a round
bottom flask. Residual chloroform was removed overnight by keeping the flask open to a
liquid nitrogen trap and a vacuum pump. Multilamellar vesicles were formed by adding
50 mM Hepes, pH 7.0, buffer and cycling the flask for at least ten times between liquid
nitrogen at —197 °C (77 K) and a water bath at 30 °C. The final concentration of lipids in
aqueous media was 150 mg m1 -¹ .
Streptavidin is a 53 kD tetrameric protein known for its extraordinarily strong
affinity for the biotin moiety: the dissociation constant, Kd~10 -¹5 mol/L, ranks the
biotinstreptavidin complex as one of the strongest among the noncovalent interaction [42].
DTAF-conjugated streptavidin was purchased from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA) and dissolved in a 50 mM Na/K phosphate buffer at
pH=7 (VWR International, West Chester, PA). DTAF-conjugated streptavidin was mixed
with an excess of biotinylated lipids immediately before the experiments. Each of the
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four AAO surfaces described above (namely, two surfaces coated with Au and two
uncoated) was exposed to aqueous lipid dispersion while the entire sample was kept at
approximately 30 °C to ensure that the lipid membrane is in a fluid bilayer phase. Such
an exposure resulted in an immediate wetting of the nanoporous substrate, which became
semitransparent. Consequently the samples were allowed to air dry before optical
measurements. Previously, we have estimated that such lipid bilayer deposition results in
a formation of up to four nanotubular bilayers nestled per each of the nanopore
throughout the entire available surface area of the substrate assuming 100% surface
coverage [12]. While some of the lipids left on the outside AAO surface were washed
away during the preparation, some residual lipids were observed by SEM for the air-dried
samples (Figure 3.5). It should be noted here that the condition of full hydration that is
essential for lipids to remain assembled into a bilayered structure is likely to break down
for the air-dried samples. Therefore, the lipids in such samples are expected to be
somewhat disordered and not necessarily assembled into bilayers.

3.4 Characterization Method
Scanning electron microscopy (SEM), atomic force microscopy (AFM) and surface
enhanced fluorescence (SEF) were used to characterize the AAO films. These
characterization methods are briefly discussed in this section.

3.4.1 Scanning Electron Microscopy (SEM)
The surface morphology of AAO films was observed by the scanning electron
microscopy (SEM). The SEM analysis in this work was performed using a LEO 1530VP
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field emission SEM (FESEM) with Oxford EDS operating at a maximum voltage of 30
kV. An FESEM incorporates a cold cathode field emission gun, ultra high vacuum, and
sophisticated digital technologies for imaging of micro structures. Featuring a conical FE
gun and a semi-in-lens objective lens, the system is capable of high resolution imaging as
well as high quality real time image display at all scan speeds, enabling observation and
recording of superior images even in a bright room.

3.4.2 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is a surface analytical technique which is used to image
and explore nanoscale features and structures of surfaces. Digital instrument nanoscope
III multimode scanning probe microscope (SPM/AFM) was used in our work.
Topography of surfaces can be obtained normally by two different modes, contact mode
and tapping mode. In contact mode (Figure3.6), the tip is in perpetual contact with the
sample. The tip is attached to the end of a cantilever with a low spring constant, lower
than the effective spring constant holding the atoms of most solid samples together. As
the scanner gently traces the tip across the sample (or the sample under the tip) union the
contact force causes the cantilever to bend and the Z-feedback loop works to maintain a
constant cantilever deflection.
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Figure 3.6 AFM tapping mode
3.4.3 Surface enhanced fluorescence (SEF)
In our work, we also investigate the surface enhanced fluorescence on AAO platforms.
Fluorescence occurs when a molecule absorbs light from the UV-visible light spectrum,
known as excitation, and then, rapidly emits light photons as it returns to its ground state.
Fluorescence is the property of electrons in the molecule to absorb light at a special
wavelength and emit light at longer wavelengths during an interval called the
fluorescence lifetime (10 -9 ~ 10 -7 seconds approximately). Fluorescence is widely used to
monitor the biochemical reactions though conjugated fluorescing bio-markers.
In the fluorescence experiments, the molecules were deposited on the nano-hole
array sample. The sample was mounted on a rotational stage and excited by a 10 mW,
488 nm line or 514.5 nm line of an Ar ion laser. The incident beam was focused to a spot
of 50 µm² by a 10 cm lens in a confocal configuration (Figure 3.7). An optical low-pass
filter in front of the spectrometer (at k=495 nm or X=520 nm) ensured the cut off of the
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laser line. The scattered light (fluorescence signal) was collimated and focused onto the
spectrometer slit. A photomultiplier tube (PMT) was used for detection.

to spectrometer
lens
Ar laser
beamsplitter
lens
rotational stages

sample

Figure 3.7 System configuration: the pump light (Ar at 488 nm or 514.5nm) is
focused onto the sample which is placed on a rotational stage. The
fluorescence signal is collimated and focused onto the spectrometer slit.
A PMT is used to detect the signal and a cut-off filter is used to
eliminate the laser line from the spectra.

CHAPTER 4
FLUORESCENCE ENHANCING PROPERTIES OF NANO-STRUCTURED
PLATFORMS

As mentioned before, periodical nano-structure of AAO can be used as spectroscopic
signal-enhancing platform. In this chapter, we will explore the possibility of a biosensing
platform to enhance the fluorescence signal of proteins bound to lipid bilayers.
Plasma membranes are essential structural elements of eukaryotic cells that define
their outer surface. These membranes that are composed from lipids, proteins, and other
molecules form highly selective barriers allowing cells to actively control individual
biochemical environment at desirable levels. Such environment is cell specific and
crucial to the cell function. The active control of intracellular concentrations is achieved
by membrane proteins and, primarily, ion channels that respond to various stimuli. Yet,
despite growing literature on protein microarrays (see [44] for a review), there are only a
relatively few reports on membrane protein arrays and their use for ligand screening [4547]. Lack of microarray methods for membrane proteins, which represent the single most
important class of drug targets, is considered by some as a fundamental limitation to
further development of the biochip technology. Previously, it has been shown that lipid
bilayers and membrane proteins can be assembled in functional conformations inside
macroscopically aligned nanochannels of AAO membranes[l 1, 13, 48-51]. Cloutier et at
[52] pointed to the fluorescence enhancing properties of such platforms albeit for optical
beams at normal incidence. Firstly, we report on polarization-dependent fluorescence of a
protein marker bound to biotinilated lipid bilayers that were deposited into nanochannels
of commercial AAO membranes from aqueous dispersions in Section 4.1. While
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commercial AAO substrates are easily available, they are known to lack highly ordered
honeycomb pore packing and a narrow distribution of pore diameters as achieved with
some of our in-house substrates and prepared by a double-anodization method as
described in Sec. 3.1.3. Nevertheless, we have found that even these relatively poorly
organized commercial AAO membranes are suitable for fluorescence detection of protein
binding to lipid bilayers and exhibit unexpected polarization effects. A detail process of
the fabrication of lipid bilayer within AAO was discussed in previous Section 3.3. And
the system configuration of the fluorescent measurement was presented in Sec 3.4.3.
Our initial hypothesis was that chromophores imbedded in the pores of

commercially made nanoporous substrates would not exhibit variations in their
fluorescence signals as a function of sample orientation, owing to significant dispersion
in the pores' diameter, their shape, the pore packing, and the fact that these pores are
much smaller than the interrogating optical wavelengths used. For the experiments we
employed zwitterionic lipid bilayers that could be incorporated into nanoporous
aluminum oxide membranes with minimal perturbation to the bilayer properties [11, 13,
48-51]. The bilayers were doped with 0.5-5.0 mol % of biotinylated lipids and exposed to
5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF)—a conjugated streptavidin—to mimic
protein docking to the membrane surface. Fluorescence signals were measured as a
function of the angle between the optical polarization state of the incident beams and the
orientations of macroscopically ordered AAO nanochannels.
Our hypothesis was proven wrong: the fluorescence signals varied when pumped

with E-polarized (E-pol or s-polarized) and H-polarized (H-pol or p-polarized) incident
optical beams. The origin of the observed polarization-dependent effects and the
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implications for enhanced fluorescence detection in a biochip format are being discussed
in Section 4.1.
In Section 4.2, we extend our study to include in-plane rotations and examine the
effect of the crystallography of the hole-array (air-rods) on the fluorescence signal of dye
imbedded AAO.

4.1

Polarization-dependent Fluorescence of Protein Bound to Lipid Bilayers
within the Pores of AAO

4.1.1 Theoretical Considerations

As described in Section 3.3, biotinylated streptavidin was deposited on
commercial AAO substrates (with different pore diameters on either sample side: 177±20
nm and 29±7 nm respectively; uncoated or, coated with Au) and examined by
fluorescence measurement as a function of sample orientation.
The deposited samples were mounted on a rotational stage and excited by a 10
mW 488 nm line of an Ar ion laser, which was further focused to a spot of 50 µm² by a
10 cm lens in a confocal configuration (Figure 3.7) An optical filter in front of the
spectrometer (k=495 nm) provided cutoff of the laser line. The scattered light
(fluorescence signal) was collimated and focused onto the spectrometer slit. A PMT was
used for detection. A typical fluorescence signal of biotinylated streptavidin is shown in
Figure 4.1. The fluorescence signals decayed over time. This may be attributed to a
competition between photobleaching [53] and recovery processes. In order to further
investigate such a phenomenon, successive fluorescence scans such as shown in Figure
4.1 were taken at 5 minute intervals. The peak intensity for each of the scans always
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stayed at X=515 nm and is plotted in Figure 4.2. As seen by the least squares trend curve
the signal mildly decays according to a power law,

, where t„ is the time of the nth

spectrum in a sequence. The fluorescence reaches quasi-steady-state conditions after
approximately 1 h. Thus, in order to ensure a constant response, all the consequent data
acquisitions were made after exposing the sample to 100 mW of laser intensity for 1 h.
Biotinylated lipid bilayers alone (i.e., without DTAF-streptavidin bound) did not
exhibit any measurable fluorescence signals, as expected. AAO substrates were also
exposed to DTAF-streptavidin aqueous solution at 30 °C following the same procedure as
for aqueous lipid dispersion; namely, excess material was washed by buffer and the
substrates were air dried. Figure 4.3 shows that such samples exhibit fluorescence signal
similar to Figure 4.1 albeit a bit weaker than the biotinylated lipid/streptavidin complex.
This demonstrates some nonspecific binding of DTAF-streptavidin to alumina surfaces in
accord with previous observations [12]. The minute difference in the curve amplitudes is
attributed to local fluctuations. The samples were not exposed to laser light prior to taking
the data hence the relative large signals.
As mentioned above, we overcame the time dependent fluorescence signal issue
by exposing the samples to laser radiation of 100 mW for I h prior to taking the data.
Only then we conducted our measurements at 10 mW - one tenth of the initial laser
intensity. Fluorescence signals were recorded as a function of incidence angle for two
polarization states, either TE or TM-polarization, using a confocal arrangement with the
help of a spectrometer and a photomultiplier (Figures 4.4(a) and (b)). Successive
wavelength scans were made for each data point in order to determine the exact position
of the fluorescence peak.
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Figure 4.1 Fluorescence of biotin/streptavidin on a lipid bilayer within the
pores of AAO. The laser intensity was 10 mW focused to a spot of 50
micron 2 by a 10 cm lens in a confocal configuration. An optical filter in
front of the spectrometer (k=495 nm) cut off the laser line.
In general, the intensity of the fluorescence peak is expected to be affected by
individual hole geometry, the periodic pattern of the pores, and by surface plasmons,
which are excited in the metal layer if the latter is present. A geometrical factor accounts
for the orientation of the pores and macroscopic alignment (if any) of dipoles of the
fluorescing chromophores with respect to the incident polarized beam. While surface
plasmons may only be excited in metallic surfaces, surface waves may also exist in
perforated dielectric films.
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Figure 4.2 Fluorescence peak intensity as a function of time (filled diamond)
and least squares fit to ~1/ tn (solid line)

Figure 4.3 Fluorescence spectra of biotinylated lipid bilayers deposited into
either exposed or Au coated AAO substrates before (filled diamonds)
and 10 minutes after being introduced to the streptavidin. The samples
were not exposed to the laser light prior to taking the data hence the
relative large signal.
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Tilt Angle [degrees]
(b)

Figure 4.4 (a) Experimental configuration with marked H-and E-polarization
modes. (b) Fluorescence peak intensity for H-polarized incident beam.
Normal incidence position is at 643°.
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Tilt Angle [degrees]
(c)

•

•

Figure 4.4 (c) Repeated experiments for exposed (uncoated) AAO substrate (1)
after one month: the curve has the same extinction ratio (Imax-Imin)/Imin,
albeit with an overall intensity value differences. The inset indicates
out-of-plane tilt. (d) The sample was rotated azimuthally (in-plane)
rotation) by 90 ° and the experiments were repeated.
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4.1.2 Results

The effective area of a given pore, which is directly exposed to the laser beam, is a
function of the tilt angle. On the other hand, if the dipole moment of streptavidin is
aligned along the pore axis, the fluorescence due to the TE-polarization mode (Epolarization, E-pol; also denoted as s-pol by some; see Figure 4.4 (a) for definitions) is
expected to be independent of the tilt angle. The excitation component, which is partially
parallel to the biotin/streptavidin dipole moment, increases for the TM-polarization (Hpolarization, H-pol; also known as p-pol by some) as the tilt angle increases. Such
geometrical effects are expected to maximize the fluorescence peak for the H-pol state at
some tilt angle. The peak fluorescence angle for the E-pol state would be at normal
incidence.
The peak of the fluorescence signal as a function of the tilt angle 0 for the Hpolarized incident beam is shown in Figure 4.4. Clearly seen is a quasi symmetric curve
for all the four AAO surfaces examined, with minima appearing at normal incidence. The
experiment was repeated one month later with similar results (Figure 4.4(c)). When the
sample was azimuthally rotated by 90° and assessed again with the H-polarized incident
beam (Figure 4.4(d)), the response was basically flat for all of the surfaces except for the
uncoated (exposed) AAO sample (2), which has the largest average pore diameter.
Figures 4.5 (a) and (b) exhibit fluorescence signal as a function of the tilt angle
for the E-pol incident beam. In contrast to the H-pol incident beam results, a quasi flat
response was observed for all of the four surfaces: a shallow dip whose position varied
from sample to sample was sometimes observed (Figure 4.5). The experiment was
repeated one month later with basically similar results (not shown). When the sample was
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azimuthally rotated by 90° and assessed with E-pol incident beam, the response was yet
again, quasi flat.
When a polarized light impinges on a sample at normal incidence its polarization
state (the direction of electric field oscillations) is parallel to the substrate surface (not to
be confused with the surface of the pores, which extend throughout the substrate). This
holds true regardless of the H- or E-polarized mode used. We have monitored the peak
intensity of the fluorescence signal as we rotated the sample azimuthally (in-plane
rotations as indicated by the inset of Figure 4.6(a)) about its normal to the AAO surface
(Figures 4.6(a) and (b)). As can be seen from the figures, the signal intensity oscillates
with two periods: 240° and 120°. Such oscillations imply a crystallography effect by the
hole array orientation on the fluorescence signal. The radial plot indicates asymmetry in
the curve which is likely due to inhomogeneities in the sample as it is rotated about its
normal axis. Nevertheless, the fluctuations in the curve upon rotating the sample by 360°
are less than 10%. Notably, the observed angular period seems to be multiples of 60° but
do not follow the C6 symmetry exactly. We speculate that the main reason for this is local
scatterings, which are due to the inhomogeneity of the hole array. Such scatterings are
reduced somewhat when the surface of the sample is coated with a thin layer of Au
(Figures 4.6(c) and (d)) probably because the electric field better confines to the sample
surface.
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Figure 4.5 (a) Fluorescence peak intensity for E-polarized incident beam.
Normal incidence position is at 9 =43° with the exception of 9 =40° for
the exposed sample (1). (b) The samples were azimuthally rotated by
90° and the tilt experiments were repeated. Normal incidence position is
at 0=60° with the exception of 0=43° for the exposed samples.
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Figure 4.6 (a) Fluorescence peak intensity as a function of azimuthal angle (inplane rotations as indicated by the inset) for the exposed (uncoated)
sample (2) at normal incidence. (b) Radial plot: the asymmetry in the
curve is likely due to sample inhomogeneities.
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(d)
Figure 4.6(c) Fluorescence as a function of azimuthal angle for Au-coated
sample (2) at normal incidence. The purple curve is a shifted sinusoidal
curve indicating a threefold symmetry. (d) Repeated measurements
demonstrate acceptable reproducibility for the radial plot.
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Along the discussion in the Section 2.4, there are two major requirements for
fluorescence signal enhancement: (i) an efficient coupling to a surface mode and (ii) a
phase match condition with an appropriate crystallographic plane of holes (air rods). The
first requirement dictates a proper tilt and azimuthal (in-plane rotation) angles such that
the light is coupled by the first order of diffraction to a surface mode. If we treat the hole
array as a grating with a given pitch, the efficiency of this coupling process may be
approximated by sin ²(∆η/2), where 077 is the phase difference between the grating and
the propagating beam. The second requirement is related to a Bragg scattering between
this surface mode and the array of holes when the beam propagates inside the AAO
substrate. Such scattering is expected to be affected by only the azimuthal or in-plane
rotation angle.

4.2 Fluorescence Enhancement of Dye Imbedded AAO

Here we extend our studies to include simple dye molecule (fluorescein) within in-house
AAO samples. Our samples exhibited better crystallographic hole structure. In addition,
the oxide layer is only 50 nm thick. Finally, the oxide layer is bound by a metal
(aluminum). The substrates were prepared according to well-established recipe [34, 35]
as described in Section 3.1.3.
The dye deposited nano-hole array sample was mounted on a rotational stage and
excited by a 10 mW 488 nm or, the 514.5 nm lines of an Ar ion laser. The laser beam was
further focused to a spot of 10 pm ² by a lens in a confocal configuration (Figure 3.7). A
low-pass optical filter in front of the spectrometer (λ=495 nm or =520 rim) was used in
order to eliminate the related laser lines. The scattered light (the fluorescence signal) was
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collimated and focused onto the spectrometer slit. A PMT was used for detection. A
typical fluorescence signal of fluorescein is shown in Figure 4.7.

Figure 4.7 The Fluorescence signal of fluorescein.

As mentioned in previous Section 2.4, we expect 60 ° symmetry upon in-plane
rotations for our hexagonal array of holes. When the wavelength is at resonance with a
specific wavelength, such as occurs for the fluorescing wavelength at 560 inn, we expect
30 ° doubling symmetry upon in-plane rotations. Furthermore, if the platform is tilted at
O--9 ° efficient coupling to surface plasmons waves and enhanced fluorescence is expected.
In Figure 4.8 we show two examples of AAO substrates impregnated with
fluorescein. As noted from Figure 4.7, the peak intensity is at k=560 nm, within the
transverse confinement of the hole-array. As the samples are rotated in-plane, a clear
cycle appears. The cycle is of 30 degrees — double the hexagonal symmetry of the holearray. Also provided in the figures are analytical curve of sin²(6θ+θ0). A constant shift of
80 provides a match between the starting point of rotation and the unknown
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crystallographic orientation of the hole-array. We postulate that the period doubling
appears at transverse resonance, namely, when the transverse propagation mode is
frustrated by the period or its sub-harmonics of the hole-array [33]. Unlike our previous
examples (presented in Section 4.1), the pump wavelength is too far from the resonance
to affect the fluorescence signal.

Figure 4.8 Fluorescence as a function of in-plane rotations (azimuthal angle)
for normally incident, linearly polarized beam. (a) Sample 1 was exited
with the 488 nm line of Ar laser. (b) Sample 2 was exited with the 514.5
nm line of Ar laser. The dash curve points to the oscillations of 30
degrees, sin²(6θ+θ0), with 00 a constant shift. Note the loss of coherence
after a few cycles due to existence of domains in the array of holes.
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Another example is shown in Figure 4.9. The sample was pumped with the 514.5
min line of Ar ion laser. As the sample was rotated azimuthally, its fluorescence
characteristics resembled those of Figure 4.8 (b). The experiment was then repeated as a
function of tilt angle. No special angular characteristics observed when the sample was
pumped with TE incident mode — a mode for which the electric field is oscillating in
parallel to the sample surface - the signal remained basically constant. However, when
pumped with TM incident mode, there were marked signal variation at e58 ° and 12 ° as
expected from Eq. (2.39).

Figure 4.9 Fluorescence as a function of tilt angle for TM incident polarized
beam. Note the enhanced fluorescence for tilt angles θ=8 ° and 12 ° .

4.3 Discussions
We set to investigate effects of polarized incident beams and sample orientation on
chromophore bound AAO substrates. As for the first example, we studied the
fluorescence signal of DTAF-conjugated streptavidin, which was bound to biotinilated
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lipid bilayers. The latter were imbedded in nanopores of commercial anodized aluminum
oxide platforms. The streptavidin was labeled with fluorescein, a chromophore marker.
Our initial hypothesis was that the fluorescence signals from these chromophores will not
be substantially affected by the orientation of the substrate, nor its pores, when pumped
with various polarized incident beams. We varied the sample orientation with respect to
the pumping optical beam in two ways: (i) by tilt angle 0—this was to test the effects of
local chromophore orientation with respect to the polarized incident beam—and (ii) by
in-plane rotations, or, azimuthal angle 0 at normal incidence beam—this was to study the
effect of the crystallographic hole-array orientation with respect to the beam's linear
polarization state. Our hypothesis was proven wrong: unexpectedly, the experimental
data demonstrated variations in the fluorescence signal both upon tilting the sample with
respect to the beam direction and with respect to the azimuthal (in-plane) sample
rotations.
In general, the larger signal variability was achieved with the H-polarization mode
for a certain crystallographic sample orientation. The data for the E-polarized incident
beam also exhibited some signal fluctuations as a function of tilt angle; yet, its extinction
ratio (Imax min) Imin was much smaller than the corresponding value for the H-polarized
l

mode. In addition, no correlation between the position of the signal minima (whenever
present) and approximate crystallographic orientation of the hole array ,could be
established. We, therefore, hypothesize that the observed polarization effects may be
attributed to the formation of selective light intensity distribution within the holes of the
AAO substrates [4].
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SEM images of these commercial AAO substrates revealed an imperfect pore
homogeneity and packing. Nevertheless, polarization-dependent signal along certain
crystallographic directions alludes to selective coupling between the fluorescence mode,
which propagate in the AAO sample and the radiative modes (those modes are scattered
back, propagate in free space, and detected by the spectrometer/detector system).
Moreover, the clearer signal for Au-coated surfaces implies the role of surface plasmons
in the coupling process [7].
The fluorescence signal exhibited a rather mild decay over time when exposed to
prolonged irradiation of the laser light. Such decay behavior could be well fitted by a
power law, 1/ tn (solid line in Figure 4.2). In general, if the lifetime of the fluorescing
~

molecule is relatively long, a steady state may be reached. For DTAF-streptavidin the
half-lifetime value is about 16-21 second depending on the solvent [53]. On the other
hand, if there is a feedback mechanism (such as arising from scattering by the array of
holes), it is expected to impact the signal decay of such long-lived fluorescing molecules.
Therefore, we may attribute the time dependent fluorescence signal to the additional
scatterings by the porous platform besides the inherent photobleaching effect. Platforms
built upon arrays with homogeneous and periodically packed nanopores ought to
accentuate such behavior even further.
As for the other example, we used in-house substrates: here, the oxide layer was
very thin (50 nm) on the top of the aluminum. Ordinary dye material (fluorescein) was
utilized to study the effect of sample orientation with respect to the incident laser
polarization. Similarly, the fluorescence signal exhibited strong dependence on the
sample orientation: the signal increased by a factor of almost 2 when the sample was
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tilted at an angle of 8 degree compared to the signal for the normal incidence condition.
In addition, as the sample was rotated in-plane (azimuthally), the fluorescence signal
exhibited oscillations of 30 degrees. The reason here is that the fluorescence wavelength
is commensurate with the symmetry of the sub-wavelength hole-array and hence exhibits
period doubling.

4.4 Conclusions

An analytical methodology has been introduced here to enhance fluorescence signals
from bio-species by nanoporous aluminum oxide substrate. Specifically, it was found that
a model protein-lipid bilayer complex, formed upon noncovalent binding of DTAFconjugated streptavidin to biotinylated lipid bilayers and deposited into a nanoporous
array in anodized aluminum oxide films, exhibited different fluorescence characteristics
for E-polarized and H-polarized incident optical beams. Variations in the fluorescence
signals in the presence of a thin coating of gold on the sample surface were also observed.
The origin of the observed polarization-dependent effects could be explained by a
simplified model which assumed a macroscopic alignment of the fluorescing dipole with
respect to the oscillating pumping electric field. The effect of linearly polarized incident
beams on the fluorescence of dye imbedded, 2-D photonic crystals with array of nanoholes was examined as well. Marked signal variations were observed at specific platform
orientations (achieved by tilting or, in-plane rotations of the sample), which could be
understood as arising from local resonating effects. Understanding the mechanisms of
such behavior may assist us in designing better platforms for biochemical detection and
further development of this analytical tool.

CHAPTER 5
GAIN AND LINEWIDTH NARROWING IN PLASMONIC WAVEGUIDES

In this chapter, we demonstrated a gain of 3 and 30% linewidth narrowing in plasmonic
waveguides. Gain was provided by a dye imbedded in the structure's pores. Feedback for
the fluorescence signal was provided by the sub-wavelength hexagonal hole-array in the
oxide layer.

5.1 System Configuration

As we discussed in Section 2.2, surface plasmons are near-field phenomena. Lasing
requires gain and feedback; however, surface plasmons may experience large loss as a
result of currents, induced in the conductor(s). In order to study gain and feedback in
plasmonic waveguides we offer the following approach. We examined surface
waveguides in which a perforated thin oxide layer on top of a metal substrate (Figure 5.1).
Gain was provided by dye s (fluorescein) imbedded in a perforated oxide material
(alumina) or, by defect states in the oxide layer, unlike the approach suggested in [54] or,
in [55]. The feedback was provided to the SP waves by periodic hole-array, similarly to
the construction of photonic crystal for semiconductor lasers [56, 57]. Dispersion of SP
waves in a TM mode contains two branches whose frequency separation defines an
energy gap [58]. Thus in principle, light may be pumped through one band edge and the
scattered light may escape from the other. While periodic structures, which confine SP
waves in the long-wavelength regime, have been known for years [58-60] we operate in
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the very long wavelength regime: the pitch of the periodic structure is much smaller than
the incident wave length and is realized in AAO films [4, 6].
Let us consider an ideal 2D hexagonal case, which is similar with the model in
Section 2.4 (Figure 2.7). Suppose that the surface component of the wave inside the AAO
sample is scattered from the same periodic structure as we defined before. This may
happen because the AAO is made of densely packed holes with inter hole-spacing much
smaller than the propagating wavelength. This is also happening because of the abrupt
nature of the hole in the AAO slab, invoking higher-orders and sub-orders of diffraction.
One can envision that such Bragg diffraction creates a standing wave within the holearray. These considerations are true for the pump as well as, for the fluorescing
wavelengths.
There are two frequencies associated with a given launching angle Et these are co
and co + corresponding to ß nd
-a

fi

t

-

, respectively. The difference frequency, δωΩ=+-

defines a frequency gap. We note that le ß+-ß =2qG, therefore, a larger coupling is
-

expected between the corresponding frequencies. At normal incidence, 0=0, the incident
beam generates two counter-propagating surface waves (a standing wave) =±qG and the
ß

gap closes. Optimal fluorescence conditions occur when the mode propagating along the
surface is a standing wave and coupled by the periodic structure.
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(a)

to spectrometer
lens
laser
beamsplitter
lens
sample

rotational stages
(b)

Figure 5.1 (a) Hole-array in alumina (pale yellow) on aluminum (blue); (b)
Experimental configuration. We used a x10 objective lens to focus the
Ar laser beam onto the sample; when using the Nd: YAG laser the lens
had a 5 cm focusing distance. The lens focusing the fluorescence onto
the spectrometer slit had f=10 cm in all cases.
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Since we are dealing with sub-harmonics, Eq. (2.38) predicts transverse resonance
effect at normal incidence for k-556 nm with a-90 nm; nos. -- ε1ε2 / (el + s2) -1.02;
(71=1n, q²=0. It also predicts a resonance at A=636 nm with q1=1/8, q2=0. Optimal
conditions may be achieved by a small tilt and in-plane rotation of the sample with
respect to the incident beam due to the incomplete gap throughout the Brillouin zone for
the hole-array (as discussed in Sec 2.4). For example, Eq. (2.39) predicts 0= 4.7 ° and 0=
8.9 ° with q²=0; q1=1/6 for the pump wavelength at 514.5 nm and the 550 nm fluorescence
line, respectively. It predicts 0 = 4.1 ° for the 680 nm fluorescence line of the AAO with
q²=0; q1=1/8. A standing wave for the 550 nm line occurs approximately with q²=1/10;
q1=-1/10. In fact, one may find numerous resonances in the range between 5-12 degrees
because of the densely packed hole-array structure. Added to that is a fairly wide
resonance condition due to local scatterings. Finally, we note for the AAO that the
strongest electric field is within the holes, at the air/oxide interface level [4].
In the experiments, we used a confocal arrangement whereby the sample was
tilted and azimuthally rotated (in-plane rotations) with respect the linearly polarized
incident beam until optimal conditions for launching the SP waves have been reached. Inplane rotations were needed due to the incomplete frequency gap. Experimentally, we
found that the best tilt angle for fluorescence purposes with the dye material was 0-8°,
fairly close to the 69 ° predicted above. This also corroborated previous results with
Raman spectroscopy [4]. As mentioned before, the samples were made of anodized
aluminum oxide (AAO). The 50 nm thick oxide layer, perforated with a hexagonal holearray was lying on top of aluminum substrate.
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5.2 Results and Discussions
Fluorescence as a function of wavelength is shown in Figure 5.2 for samples pumped
with Ar ion laser at 514.5 nm. Upon increase of the intensity, samples exhibited a
fluorescence peak shift from 560 nm towards 550 nm (Figure 5.2(b)). This is due to the
diminishing effect of longer fluorescing wavelengths by the confining periodic matrix. A
careful examination of the fluorescence peaks as a function of pump intensity reveals a 3
nm linewidth broadening for the AAO samples. The intensity curve (Figure 5.2(b))
exhibited some undulations, which may be the result of lock-in phase fluctuations.
These data triggered us to use a pulse laser (double frequency, Nd:YAG laser, 10
nano-seconds pulse at 532 nm) as well. As seen from Figure 5.3, a gain of 3 is noted from
the curve: as the input pump intensity increased by a factor of approximately 2, the
fluorescence signal at 550 nm increased by a factor of 6. At the same time, the linewidth
of the fluorescence reduced from 35 nm to 24 mu — approximately a 30% reduction.
Fluorescence is also observed, around 680 nm. The line is attributed to the defect
states in the oxide layer (AAO). Here we observe no linewidth narrowing for the AAO
substrates. Larger enhancement and linewidth-narrowing of the 680 nm line may be
achieved by proper tilt and in-plane rotation of the samples.

5.3 Conclusion
In summary, gain and linewidth narrowing have been demonstrated for periodic,
sub-wavelength structures, which support surface plasmons. Such construction may open
the door for new biochemical applications, bringing the source of interrogation closer to
the molecules under test.
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(a)

(b)

Figure 5.2 Pumped with Ar laser: (a) Fluorescence as a function of wavelength.
(b) Fluorescence as a function of input intensity. The linewidth
broadened by 3 nm for the unbounded SP mode as the intensity of the
pump laser increased.

Figure 5.3 Pumped with Nd:YAG laser: (a) Fluorescence as a function of
wavelength. (b) Fluorescence as a function of input intensity. The
arrows mark the curves in (a). The linewidth has narrowed by 11 nm.
The linewidth remained constant for the AM) defect line at 680 nm.

CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1 Conclusion

In our study, novel applications of AAO films as a signal enhancing platforms for
fluorescence signals have been investigated. We have presented a few examples: in one
example we examined the effect of hole-array crystallography on the fluorescence signal
of proteins bound lipid bilayer. It was found that such fluorescence signals depend upon
the orientation of the AAO substrate when illuminated with H-polarized (H-pol or ppolarized) incident optical beams. On the other hand, the signal was almost constant
when pumping with E-polarized incident beams. The origin of the observed polarizationdependent effects could be explained by assuming a macroscopic alignment of the
fluorescing dipole with respect to the oscillating pumping electric field. Understanding
the mechanisms of such characteristics may assist us in designing better platforms for
biochemical detection and further development of this analytical tool. In the other
example, the effect of in-plane sample rotations on the fluorescing signal was understood
as resulting from local feedback by the array of holes. Finally, gain and linewidth
narrowing in AAO bound plasmonic waveguides has been verified for periodic, subwavelength structures, which support surface plasmons. Such construction may open the
door for new biochemical applications, bringing the source of interrogation closer to the
molecules under test.
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6.2 Suggestion for Future Work

Further optimization of these nano-structured platforms may be achieved through
simulations in comparison with experimental data. Extending these findings to other
macro molecules is also desired.
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